Yersinia pestis, the causative agent of plague, autoaggregates within a few minutes of cessation of shaking when grown at 28°C. To identify the autoaggregation factor of Y. pestis, we performed mariner-based transposon mutagenesis. Autoaggregation-defective mutants from three different pools were identified, each with a transposon insertion at a different position within the gene encoding phosphoglucomutase (pgmA; y1258). Targeted deletion of pgmA in Y. pestis KIM5 also resulted in loss of autoaggregation. Given the previously defined role for phosphoglucomutase in antimicrobial peptide resistance in other organisms, we tested the KIM5 ⌬pgmA mutant for antimicrobial peptide sensitivity. The ⌬pgmA mutant displayed >1,000-fold increased sensitivity to polymyxin B compared to the parental Y. pestis strain, KIM5. This sensitivity is not due to changes in lipopolysaccharide (LPS) since the LPSs from both Y. pestis KIM5 and the ⌬pgmA mutant are identical based on a comparison of their structures by mass spectrometry (MS), tandem MS, and nuclear magnetic resonance analyses. Furthermore, the ability of polymyxin B to neutralize LPS toxicity was identical for LPS purified from both KIM5 and the ⌬pgmA mutant. Our results indicate that increased polymyxin B sensitivity of the ⌬pgmA mutant is due to changes in surface structures other than LPS. Experiments with mice via the intravenous and intranasal routes did not demonstrate any virulence defect for the ⌬pgmA mutant, nor was flea colonization or blockage affected. Our findings suggest that the activity of PgmA results in modification and/or elaboration of a surface component of Y. pestis responsible for autoaggregation and polymyxin B resistance.
Yersinia pestis, the causative agent of plague, autoaggregates within a few minutes of cessation of shaking when grown at 28°C. To identify the autoaggregation factor of Y. pestis, we performed mariner-based transposon mutagenesis. Autoaggregation-defective mutants from three different pools were identified, each with a transposon insertion at a different position within the gene encoding phosphoglucomutase (pgmA; y1258). Targeted deletion of pgmA in Y. pestis KIM5 also resulted in loss of autoaggregation. Given the previously defined role for phosphoglucomutase in antimicrobial peptide resistance in other organisms, we tested the KIM5 ⌬pgmA mutant for antimicrobial peptide sensitivity. The ⌬pgmA mutant displayed >1,000-fold increased sensitivity to polymyxin B compared to the parental Y. pestis strain, KIM5. This sensitivity is not due to changes in lipopolysaccharide (LPS) since the LPSs from both Y. pestis KIM5 and the ⌬pgmA mutant are identical based on a comparison of their structures by mass spectrometry (MS), tandem MS, and nuclear magnetic resonance analyses. Furthermore, the ability of polymyxin B to neutralize LPS toxicity was identical for LPS purified from both KIM5 and the ⌬pgmA mutant. Our results indicate that increased polymyxin B sensitivity of the ⌬pgmA mutant is due to changes in surface structures other than LPS. Experiments with mice via the intravenous and intranasal routes did not demonstrate any virulence defect for the ⌬pgmA mutant, nor was flea colonization or blockage affected. Our findings suggest that the activity of PgmA results in modification and/or elaboration of a surface component of Y. pestis responsible for autoaggregation and polymyxin B resistance.
The etiologic agent of plague is the Gram-negative bacterium Yersinia pestis. Plague is a deadly infectious disease that has traumatized civilizations throughout history (10, 12) . Plague outbreaks still occur, and from 1989 to 2003, 876 to 5,419 cases of plague with 103 to 232 deaths were reported to the World Health Organization each year (71) . Plague is usually transmitted from rats to humans by fleas. Occasionally, human-to-human transmission occurs by inhalation of infectious droplets spread by pneumonic plague cases (53, 54) .
A correlation between autoaggregation and virulence has been shown for many Gram-negative bacteria such as Yersinia enterocolitica (19, 38, 44) , Escherichia coli (67) , Campylobacter jejuni (32) , and Vibrio cholerae (14) . In one study, autoaggregation was observed in about 70% of human and animal clinical isolates of Y. enterocolitica, whereas all environmental isolates tested were negative for autoaggregation (38) . Thus, the autoaggregation phenotype has been used as a virulence marker for enteropathogenic Yersinia (19, 38) . Enteropathogenic Yersiniae species, Y. enterocolitica and Y. pseudotuberculosis, autoaggregate via a YadA-mediated hydrophobic interaction in tissue culture medium at 37°C (60) . YadA is encoded by virulence plasmid pYV (pCD1 in Y. pestis). However, YadA is disrupted by a frameshift mutation and rendered nonfunctional in Y. pestis (57, 61) . Even though Y. pestis does not have a functional YadA, it autoaggregates quickly, following cessation of shaking, when grown at 28°C. Y. pestis does not autoaggregate when grown at 37°C due to expression of capsule (Caf1) at this temperature (S. Felek and E. S. Krukonis, unpublished observations).
Since autoaggregation is reported to be important for virulence in many pathogenic organisms, we hypothesized that the autoaggregation factor of Y. pestis may be an important virulence factor. In this study we demonstrated that phosphoglucomutase (PgmA in Y. pestis) is required for efficient autoaggregation in Y. pestis and plays an important role in antimicrobial peptide resistance. Phosphoglucomutase (PGM) is an enzyme that catalyzes the interconversion between glucose-6-phosphate and glucose-1-phosphate. The conversion from glucose-6-phosphate to glucose-1-phosphate initiates the pathway leading to formation of nucleotide sugars such as UDP-glucose and UDP-galactose. These nucleotide sugars can then be used to elaborate sugar modifications on cellular components such as lipopolysaccharide ([LPS] particularly the core region), teichoic acid, and secreted matrix components. Loss of PGM activity in several organisms has been reported to increase their sensitivity to antimicrobial peptides (9, 48, 66, 69) , and PGM-dependent modifications of bacterial surfaces have been shown to be critical for virulence in a number of pathogenic organisms (3, 9, 39, 48, 66, 69), usually due to alterations ment was repeated for five consecutive days, and the enriched mutant population was plated on HIA. A total of 100 single colonies from enrichment steps were tested for autoaggregation.
DNA sequencing and analysis. Three strains defective for autoaggregation from three different pools were sequenced to identify the transposon insertion site. Total genomic DNA was purified using a genomic DNA purification kit (Qiagen, Valencia, CA). A nested PCR using genomic DNA template and sequencing of PCR products were performed as described previously (20) .
Deletion of pgmA in Y. pestis. Genes were deleted in Y. pestis KIM5 and KIM6ϩ using the -RED system (17, 75) . Briefly, the kanamycin resistance cassettes were amplified from pKD4 by PCR with primers containing 5Ј extension sequences from regions flanking the pgmA (y1258) gene (pgmdf, 5Ј-AGTG TGCGGAACTATCTGATTTCATTGAAACCATCCTCTTTCTCAGCCATG TGTAGGCTGGAGCTGCTTC-3Ј; pgmdr, 5Ј-CGAGTGCCAAGATTACAGC GTTGGTCTTTAAGGACAGGAATATACCCGCCATATGAATATCCTCCT TAGT-3Ј). PCR products were purified by using a genomic DNA purification kit (Qiagen), digested with DpnI, and then transformed into Y. pestis KIM5 or KIM6ϩ that was previously transformed with pKD46 and induced with arabinose. PCR was performed on kanamycin-resistant colonies to confirm deletion of the pgmA gene with primers from about 200 bp upstream and downstream of the gene (pgmf, 5Ј-ACTTTGCCGGTGATCAACAG-3Ј; pgmr, 5Ј-TTTCCAGGCA GACTTAAACTC-3Ј). Finally, the strains were transformed with pCP20 to resolve kanamycin resistance cassettes. The deletion mutant was then cured of all plasmids required for -RED mutagenesis.
Cloning of pgmA. The pgmA gene (including the ribosomal binding site of pgmA) was amplified from Y. pestis KIM5 by PCR (pgmcf, 5Ј-GCGCGAATTC TGTGCGGAACTATCTGATTTC-3Ј; pgmcr, 5Ј-GCGCCTGCAGCAGCGTT GGTCTTTAAGGAC-3Ј). PCR products were purified, digested with EcoRI and PstI, ligated into pMMB207 (50) , digested with the same enzymes, and introduced into the pgmA mutant for complementation experiments. Recombinant pgmA clones were sequenced at the University of Michigan DNA Sequencing Core. Cloning of E. coli pgm. To find the pgm homologue of E. coli, we performed a PubMed BLAST search. Our search showed that the EcDH1_2949 locus of E. coli DH1 strain (GenBank accession number CP001637) is the homologue of KIM5 pgm. The phosphoglucomutase activity of this locus was demonstrated previously (47) . Protein sequences of KIM5 and DH1 Pgm proteins were 82.6% identical. To clone E. coli pgm, DH5␣ pgm was amplified with primers pgmeccf1 (5Ј-GCGCGAATTCCTAAAACGTTGCAGACAAAGG) and pgmeccr1 (3Ј-GCGCCTGCAGAAAAAGGGCGATCTTGCGAC), cut with EcoRI and PstI, and ligated into pMMB207. The upstream primer (pgmeccf1) was designed to begin 29 bp upstream of E. coli pgm to include the ribosomal binding site. The DNA sequences of DH5␣ pgm and DH1 pgm were determined to be 100% identical.
Pgm-HA construction and point mutations. To determine whether point mutants of PgmA were expressed at the same level as wild-type PgmA in KIM5, we constructed a C-terminally epitope-tagged version of each PgmA derivative in the vector pMMB208-pgmA-HA. These alleles encode PgmA from KIM5 with a hemagglutinin (HA) tag derived from the influenza virus hemagglutinin protein. First, we amplified the KIM5 pgmA gene using primers pgmcf2 (5Ј-GCGCAAGC TTTGTGCGGAACTATCTGATTTC-3Ј) and pgmcr2 (5Ј-GCGCCTCGAGTTTC GCCTCAGCCAGCACT-3Ј), cut with HindIII and XhoI, and ligated into similarly digested pcDNA3-HA (36) . The pgmA-HA fragment was then liberated from pcDNA3-HA using HindIII and EcoRI and ligated into similarly digested pMMB208 (50) . pgmA derivatives encoding the mutants S160A and R521S were generated by PCR mutagenesis. pMMB208-pgmA-HA was amplified by PCR using the primer pair pgmS160Af (5Ј-GATGGTATTGTCATTACGCCAGCTCACAA CCCACCGGAAGACG-3Ј) and pgmS160Ar (5Ј-CGTCTTCCGGTGGGTTGTG AGCTGGCGTAATGACAATACCATC-3Ј) and the pair pgmR521Sf (5Ј-GAAC GGCTGGTTTGCCGCTAGCCCATCAGGCACTGAAGAAGC-3Ј) pgmR521Sr (5Ј-GCTTCTTCAGTGCCTGATGGGCTAGCGGCAAACCAGCCGTTC-3Ј), respectively. PCR products were DpnI digested and transformed into E. coli DH5␣. Purified plasmids were sequenced to confirm mutations and transformed into the KIM5 ⌬pgmA strain.
Surface charge and hydrophobicity assays. For the surface charge assay, overnight 28°C cultures in HIB were pelleted and washed two times with 20 mM (pH 7) morpholinepropanesulfonic (MOPS) acid (Fisher Scientific) buffer. Pellets were resuspended in 0.5 ml of MOPS buffer to an optical density at 620 nm (OD 620 ) of 7.5, and cytochrome c (Sigma) was added to a final concentration of 0.1 mg/ml. Samples were incubated for 15 min at room temperature and centrifuged for 5 min at 13,000 rpm, and the OD 530 values were determined in supernatants. To determine hydrophobicity, bacteria were cultured as above and washed two times with phosphate-buffered saline (PBS), and the final OD 620 was adjusted to 1.0. Two milliliters of bacterial suspension and 600 l of n-hexadecane (Sigma) were mixed, vortexed for 60 s, and allowed to stand for 30 min for phase separation at room temperature. n-Hexadecane was removed, and the OD 620 values were recorded for the aqueous phase.
Phosphoglucomutase and PMM assays. Phosphoglucomutase and phosphomannomutase (PMM) activities were determined as described previously (9) . Briefly, overnight cultures of bacteria were diluted to an OD 620 of 0.15 in HIB, and 100 M IPTG was added to strains containing expression plasmids. Strains were cultured for 4 h at 28°C with shaking, and 3 ml of cultures at an OD 620 of 0.6 was washed two times with 1 ml of cold PBS, resuspended in 400 l of CelLytic B 2ϫ cell lysis solution (Sigma), and allowed to stand for 10 min at room temperature for lysis. Supernatants were collected after 5 min of centrifugation at 13,000 rpm and frozen at Ϫ80°C. For phosphoglucomutase assays, 5 mM MgCl 2 , 0.4 mM NADP ϩ , 2 U/ml glucose-6-phosphate dehydrogenase, and 50 M ␣-glucose-1,6-bisphosphate were combined in 160 l of double-distilled H 2 O (ddH 2 O) in 96-well flat-bottom microtiter plates (Costar), and 20 l of bacterial lysate was added. Twenty microliters of lysis solution was added to blank wells. Plates were incubated at 30°C for 3 to 4 min, and 20 l of ␣-glucose-1-phosphate was added to a final concentration of 1.4 mM to start the reaction, and the OD 340 was recorded after 5 min at 30°C. For phosphomannomutase assays, in addition to the above reagents (except ␣-glucose-1-phosphate), 2 U/ml phosphomannose isomerase and 2 U/ml phosphoglucose isomerase were added, and reactions were initiated with the addition of 1.4 mM ␣-mannose-1-phosphate. OD 340 values were recorded after 1 h at 30°C. All reagents were obtained from Sigma.
Autoaggregation assay. Y. pestis KIM5 and derivative strains were shaken overnight in HIB at 28°C, and 2 ml of each culture was transferred into test tubes at an OD 620 of ϳ1.5 and left to stand at room temperature for autoaggregation. The OD 620 was recorded at different time points. Chloramphenicol and 100 M IPTG were added to pMMB207-containing strains to induce pgmA expression. In this experiment, if the bacteria autoaggregate, they settle, and the supernatant clears, leading to an OD 620 decrease. To visualize autoaggregation under the microscope, 50 l of an overnight culture was transferred to a glass slide with coverslip and left at room temperature in a humidified chamber for 45 min. Then, photographs were obtained.
Antimicrobial peptide susceptibility test. Strains were cultured overnight in HIB. Serial dilutions of polymyxin B (Sigma) were prepared in HIB in 96-well flat-bottom culture plates, and 10 5 bacteria pregrown at 28°C or 37°C were added to each well. Chloramphenicol and 100 M IPTG were added to pMMB207-containing strains in all steps. Plates were incubated at 28°C or 37°C ON with shaking. CaCl 2 (2.5 mM) was added to HIB for the culture at 37°C. The MIC was determined by assessing growth inhibition in a microtiter plate. After overnight culture in HIB, the Y. pestis minimal medium PMH2 (27, 62) was used for assessment of susceptibility to human antimicrobial peptides. Other steps were similar to those described above. Human ␣-defensin-1 and -3 and ␤-defensin-1 and -2 were obtained from Peptides International Louisville, KY. LL-37 was obtained from Panatecs GmbH, Tübingen, Germany.
Intracellular survival assay. RAW264.7 macrophages were grown in 24-well plates in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal calf serum (FCS) to ϳ60% confluence. Bacteria were grown overnight at 28°C in HIB, pelleted, and resuspended in DMEM at an OD 620 of 0.006 (0.6 followed by a 1:100 dilution). RAW cells were washed twice with DMEM (no serum), and 400 l of DMEM (no serum)/well was added. Bacteria (100 l) were added to each well. Infections were incubated at 37°C in 5% CO 2 for 1 h. Gentamicin was added to each well to a final concentration of 7.5 g/ml for Y. pestis or 20 g/ml for E. coli, and cells were incubated for an additional hour at 37°C in 5% CO 2 . At this 2-h time point, triplicate wells were washed twice with PBS and lysed with 100 l of 0.1% Triton X-100 for 10 min at room temperature with shaking. Lysates were resuspended in additional 500 l of PBS, and serial dilutions were plated to enumerate surviving bacteria by CFU analysis. For cultures allowed to be infected for 4, 6, or 24 h, triplicate wells were washed at hour 2, DMEM supplemented with 5% FBS and 2 g/ml gentamicin for Y. pestis or 5 g/ml for E. coli was added, and bacteria were allowed to grow or be killed within macrophages for an additional 2, 4, or 22 h.
LPS isolation and structural analysis. Phenol-killed cells from both Y. pestis KIM5 and the ⌬pgmA mutant grown at 28°C were washed first with PBS buffer, then three times with 95% (vol/vol) ethanol, and finally two times with acetone prior to LPS extraction. LPS was extracted using the phenol-chloroform-petroleum ether (PCP) procedure (25) . Crude LPS was further purified using RNase, DNase, and proteinase K (Sigma); dialyzed against deionized water (1,000-molecular-weight-cutoff [MWCO] dialysis tubing); and ultracentrifuged at 100,000 ϫ g for 6 h. An electrophoretic profile of LPS was performed using deoxycholate-polyacrylamide gel electrophoresis (DOC-PAGE) with 18% resolving and 4% stacking gels, respectively. LPS samples were developed with silver using a Bio-Rad Silver Stain kit (Bio-Rad, Hercules, CA) (43) .
To identify the glycosyl residues as well as the fatty acid profile of the purified intact LPS, composition analysis was performed by the preparation of trimethylsilyl methyl esters (TMS) as described by York et al. (74) . The TMS derivatives were analyzed on a Hewlett-Packard HP5890 gas chromatograph equipped with mass selective detector 5970 MSD using an Alltech AT-1 fused silica capillary column (30 m with a 0.25-mm internal diameter). Helium was used as the carrier gas. The initial oven temperature was 80°C for 2 min, which was then ramped to 160°C at 20°C/min with a 2-min hold and then to 200°C at 2°C/min and to 250°C at 10°C/min with an 11-min hold.
To determine whether there is any difference in the noncarbohydrate components of LPS from KIM5 and the ⌬pgmA mutant, lipid A was released from LPS by mild hydrolysis (10 mM sodium, pH 4.5; 100°C in the presence of 1% SDS) (13) . The resulting lipid A samples were dissolved in chloroform-methanol (3:1, vol/vol), mixed 1:1 by volume with 0.5 M 2,4,6-trihydroxyacetophenone monohydrate (THAP) matrix in methanol, spotted onto a matrix-assisted laser desorption ionization (MALDI) plate, and analyzed by MALDI-time of flight mass spectrometry (MALDI-TOF MS) (Applied Biosystems 4700 Proteomics System Spectrometer). Spectra were obtained in the negative reflector ion mode.
Core oligosaccharide (OS) was released from LPS with 1% acetic acid (HOAc) at 100°C for 1.5 h and purified from lipid A precipitate by extensive centrifugation and further by Biogel P4 gel permeation chromatography. The eluting fractions were monitored with a refractive index detector. Core OSs were chemically characterized by the alditol acetate method (74) with Xyl used as an internal standard. Structural comparison of OSs was performed using electrospray ionization (ESI)-MS and proton nuclear magnetic resonance (NMR) spectroscopy experiments. ESI-MS was performed on an ion-trap LCQ-MS instrument (Thermo-Finnigan), using helium as the buffering and target gas. Spectra were acquired using collision energy in the negative positive ion polarity mode. NMR analysis was done by exchanging the sample two times with 99.9% deuterium oxide and finally dissolving it in 100% D 2 O (Cambridge Isotope Laboratories, Inc.). Samples were then transferred to 3-mm Shigemi tubes, and one- 2 . To analyze nitric oxide (NO) production by murine macrophages, NO 2 Ϫ was measured in tissue culture medium supernatants by a Griess reaction assay (40) . Briefly, 100 l of culture supernatant was mixed with 100 l of Griess reagent in a 96-well flat-bottom plate and incubated for 10 min at room temperature. The OD 540 was read by a plate reader.
Mouse experiments. Female Swiss Webster mice, 6 to 8 weeks old, were obtained from Harlan Sprague-Dawley, Indianapolis, IN. Mice were infected intravenously (i.v.) through the tail vein using 5-fold increasing concentrations of Y. pestis KIM5 and ⌬pgmA mutant to determine the median lethal dose (LD 50 ) . Three different doses were tested with 10 mice for each dose. Survival was noted daily for 16 days. As a control group, 5 mice were infected with 1 ϫ 10 6 CFU of Y. pestis KIM5 pCD1 Ϫ , a strain that lacks the Yop-encoding virulence plasmid. Our preliminary studies indicated that the LD 50 for intranasal (i.n.) inoculation for Y. pestis KIM5 is 350,000. Twenty mice for KIM5 and the ⌬pgmA mutant and 5 mice for KIM5 pCD1
Ϫ were inoculated i.n. with one LD 50 dose to determine any attenuation for the i.n. route of infection. Mice were observed for 16 days for survival.
Flea infections. Xenopsylla cheopis fleas were fed with blood containing about 10 8 KIM6ϩ or the KIM6ϩ ⌬pgmA mutant bacteria per milliliter, using a previously described artificial feeding system (34, 35) . Equal numbers of male and female fleas that took a blood meal (n ϭ 106 to 112) were maintained at 21°C and 75% relative humidity, fed twice weekly on uninfected mice for 4 weeks, and monitored for proventricular blockage, as previously described (34, 35, 37) . The infection rate was determined by CFU count of the bacterial load in samples of 20 individual females collected immediately after the infectious blood meal and at 28 days postinfection (34, 35) .
RESULTS
Previous studies demonstrated that two outer membrane proteins of Y. pestis, YapC (21) and Ail (42), can mediate autoaggregation. We first tested single and double deletion mutants of yapC and ail for autoaggregation. None of these strains showed a defect in autoaggregation (Fig. 1A) . To determine the gene required for autoaggregation at 28°C in Y. pestis, we used previously described mariner transposon mutant pools of a Y. pestis KIM5-3001 ⌬caf1 ⌬yapC ⌬psaA strain (20) . Six strains from three different pools that aggregate at a significantly slower rate than the parent strain were identified and analyzed. Sequencing and diagnostic PCR results showed that all transposon insertions were in the gene encoding phosphoglucomutase (pgm, or y1258) at different positions. To avoid confusion with the well-studied pigmentation locus of Y. pestis (also called pgm), we propose to name the Y. pestis phosphoglucomutase gene pgmA. A reconstructed pgmA mutant in Y. pestis KIM5 exhibited delayed autoaggregation like that observed in the transposon insertion mutants. After a 1-h static incubation at room temperature (following overnight shaking at 28°C), 70% of KIM5 cells autoaggregated (settled out of solution), whereas only 4% of the ⌬pgmA mutant cells autoaggregated (Fig. 1B) . Delayed autoaggregation was complemented by expression of Y. pestis pgmA or the E. coli pgm homolog (locus EcDH1_2949 annotated in strain DH1) from plasmid pMMB207 (Fig. 1B and 2A) . Complementation was dependent upon the activity of the protein encoded by Y. pestis pgmA since two different mutations, shown previously to disrupt the active site of Pgm enzymes (51, 56, 79) , eliminated the ability of PgmA to restore autoaggregation (Fig. 1C) . Both HA-tagged mutant proteins were expressed to levels similar to wild-type HA-tagged PgmA (Fig. 1E) . To test whether double or triple deletions of pgmA, ail, and yapC may lead to a complete inhibition of autoaggregation, we constructed KIM5 ⌬pgmA ⌬yapC, KIM5 ⌬pgmA ⌬ail, and KIM5 ⌬pgmA ⌬yapC ⌬ail mutants. None of these strains showed any further delayed autoaggregation compared to Y. pestis KIM5 ⌬pgmA (Fig. 1D) . In fact, deletion of yapC and/or ail appears to restore some level of autoaggregation to the KIM5 ⌬pgmA derivative by an unknown mechanism (Fig. 1D) .
To observe the architecture of Y. pestis autoaggregation, we examined bacteria under the light microscope. Y. pestis KIM5 showed large aggregates after 45 min of incubation at room temperature. The pgmA mutant showed very few aggregates at this time point, and the defect for autoaggregation could be restored when pgmA was expressed by an inducible plasmid (Fig. 1F) .
To confirm the role of PgmA in phosphoglucomutase activity, the KIM5 ⌬pgmA mutant and complemented strains were tested in a standard phosphoglucomutase assay. PgmA was required for phosphoglucomutase activity in Y. pestis, and the active-site residues, S160 and R521, were required for this activity ( Fig. 2A) . PgmA of Y. pestis was not anticipated to have strong phosphomannomutase (PMM) activity based on the lack of a highly conserved GEMS(G/A) motif in enzymes containing both PGM and PMM activities (56) . Analysis of the KIM5 ⌬pgmA strain for PMM activity showed that under the conditions tested, it was the only PMM enzyme detected (Fig.  2B) . However, completion of the PMM assay took 60 min, whereas the PGM assay was complete within 3 to 5 min. These data demonstrate that PgmA of Y. pestis is a phosphoglucomutase with some phosphomannomutase activity as well. E. coli phosphoglucomutase, having strong PGM activity and weak PMM activity (18; also data not shown) is also able to restore Y. pestis autoaggregation (Fig. 1B) . Thus, we feel that it is likely that the PGM activity of Y. pestis PgmA plays a role in autoaggregation.
Effects of the ⌬pgmA mutation on cell surface characteristics. pgm mutations in a number of bacteria have been shown to affect surface characteristics (9, 47) . The effects of the KIM5 ⌬pgmA mutation on surface charge and hydrophobicity, two aspects that may contribute to autoaggregation, were determined. Binding to the positively charged protein, cytochrome c, was assessed to monitor surface charge. Whole KIM5 cells bound 69% Ϯ 3% of the cytochrome c added, while the ⌬pgmA mutant bound 67% Ϯ 3%, indicating that there was no obvious charge difference on the cell surface. Partitioning of cells into the n-hexadecane phase of a PBS-n-hexadecane solution is an indication of cell surface hydrophobicity. A total of 28% Ϯ 5% of KIM5 cells partitioned to the n-hexadecane phase after mixing, while 30% Ϯ 6% of the ⌬pgmA mutant partitioned to the n-hexadecane phase. Thus, cell surface hydrophobicity was also not affected by the ⌬pgmA mutation.
Antimicrobial peptide resistance. Deletion of the gene encoding phosphoglucomutase has been shown to result in modestly increased susceptibility of various bacteria to antimicrobial peptides (9, 66) . To determine whether PgmA plays a role in Y. pestis resistance to antimicrobial compounds, we tested our KIM5 ⌬pgmA mutant in the presence of various antimicrobial peptides. The MIC for polymyxin B was 128 g/ml for Overnight cultures grown at 28°C were transferred to a test tube and allowed to sit, without shaking, for autoaggregation at room temperature. The OD 620 values of the tubes were recorded at the indicated time points. The results are from duplicate assays of three independent experiments (n ϭ 6). (E) Expression levels of PgmA-HA or PgmA-HA catalytic mutants (S160A and R521S) were determined by Western blotting using an anti-HA tag antibody directed against the C terminus of the hybrid protein.
(F) Autoaggregation of identical numbers of Y. pestis KIM5 and the ⌬pgmA mutant after a 45-min incubation at room temperature. Defects in autoaggregation were restored upon complementation with plasmid-encoded PgmA.
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Y. pestis KIM5 and 0.031 g/ml for the ⌬pgmA mutant when bacteria were grown at 28°C (Table 2) . Thus, the ⌬pgmA mutant has a Ͼ1,000-fold decrease in MIC of polymyxin B. Resistance to polymyxin B could be restored by expression of pgmA from pMMB207-pgmA or pMMB208-pgmA-HA but not by PgmA-HA derivatives harboring point mutations in their active sites (PgmA-S160A and PgmA-R521S) ( Table 2 ). When Y. pestis was grown at 37°C, the MIC of polymyxin B for KIM5 was 1 g/ml while for the ⌬pgmA mutant it was 0.5 g/ml. Thus, the increased resistance of KIM5 to polymyxin B relative to the ⌬pgmA mutant is temperature dependent, and bacteria grown at 28°C are much more resistant to polymyxin B than those grown at 37°C. We also tested the ⌬ail ⌬pgmA and ⌬yapC ⌬pgmA double mutants and a ⌬ail ⌬yapC ⌬pgmA triple mutant for polymyxin B sensitivity. While deletion of ail and/or yapC in combination with the ⌬pgmA mutation resulted in partial restoration of autoaggregation (Fig. 1D) , this restoration did not provide increased polymyxin B resistance (Table 2) . We also tested our strains for sensitivity to the human antimicrobial peptides ␣-defensin-1, ␣-defensin-3, ␤-defensin-1, ␤-defensin-2, and LL-37 (a derivative of cathelicidin [30] ). The MICs of all five antimicrobial peptides were the same for KIM5 and the ⌬pgmA mutant at both 28°C and 37°C (Table 3) . Kocuria rhizophila (ATCC 9341), an organism commonly used as a reference strain for antimicrobial susceptibility tests (65) , was sensitive to antimicrobial peptides (Table 3) , confirming the activity of the compounds used.
LPS structural analysis. The phosphoglucomutase pathway of other bacterial species has been shown to affect LPS core structure (15, 69) , and polymyxin B is known to bind the LPS of Gram-negative bacteria (2, 76) . Given the increased polymyxin B sensitivity of the KIM5 ⌬pgmA mutant, we hypothesized that the LPS structure might be altered in this strain. LPS compositional analysis was performed on samples extracted from cultures of Y. pestis KIM5 and the KIM5 ⌬pgmA mutant grown at 28°C. DOC-PAGE analysis of both LPS preparations FIG. 2. PGM and PMM activities of the KIM5 ⌬pgmA mutant. PGM assays were recorded 5 min after addition of ␣-glucose-1-phosphate as the assay reached saturation. PMM assays were recorded at 60 min after the addition of ␣-mannose-1-phosphate when the reaction had reached saturation. The ⌬pgmA mutant was complemented with PgmA expressed from plasmid pMMB207 or HA-tagged wild-type PgmA or catalytic mutants of PgmA expressed from the plasmid pMMB208. showed only low-molecular-weight LPS, indicating an oligosaccharide, rather than a polysaccharide, attached to lipid A (Fig.  3) . Y. pestis is known to lack O antigen on its LPS due to inactivation of O-antigen gene clusters (59) . LPSs from both strains contained a minor species that migrated more rapidly on the gel (Fig. 3) , likely representing cleaved lipid A. Composition analysis of the intact LPS samples from each strain showed that the glycosyl and fatty acyl components of KIM5 and the KIM5 ⌬pgmA mutant LPSs were very similar to one another (Table 4 and Fig. 4 ). Both LPS molecules contained LD-Hep, Glc, and Kdo as major glycosyl residues, with smaller amounts of GlcNAc, Gal, and DD-Hep. This indicates that structural differences between these two LPS molecules may reside in noncarbohydrate components not detected by the methods used.
To determine whether there is any difference in the noncarbohydrate components of the KIM5 and KIM5 ⌬pgmA LPS molecules, lipid A was released from each LPS by very mild acid hydrolysis in the presence of SDS (13), and each lipid A was analyzed by MALDI-TOF MS analysis. The mass spectra for these lipid A preparations are almost identical to one another, indicating that the structures of these two lipid A moieties are the same (Fig. 5 and Table 5 ). Each lipid A contains hexa-acylated, penta-acylated, and tetra-acylated species which contain a bis-phosphorylated glucosamine disaccharide that has zero, one, or two 4-aminoarabinosyl residues ( Fig.  5 and Table 5 ). The tetra-acylated species give the most intense ions, consistent with the composition analysis showing that the acyloxylacyl fatty acids, C 12:0 and C 16:1 , are present in trace or small amounts, respectively ( Fig. 5 and Table 5 ).
Since no difference was detected between the KIM5 and KIM5 ⌬pgmA LPS molecules with the first two methods, each intact LPS molecule was further analyzed by MALDI-TOF MS analysis in the linear negative mode. The spectra were very similar to one another. Each LPS shows two higher-mass ion clusters. One ion cluster is in the m/z 3,200 to 3,350 range, and the second is in the m/z 3,100 to 3,200 range (data not shown). These ion ranges are similar to those reported for Y. pestis LPS by Knirel et al. (41) . The ion cluster at m/z 3,100 to 3,200 likely differs from the cluster at m/z 3,200 to 3,350 due to molecules that lack a 4-aminoarabinose (Ara4N) residue (a difference of 131 mass units). In addition, the ions for the major lipid A forms at m/z 1,540 and 1,406 are also observed.
Each LPS was de-O-acylated by treatment with anhydrous hydrazine at 37°C for 50 min, and the de-O-acylated LPS was then subjected to MALDI-TOF MS analysis. The spectra for the two de-O-acylated LPS species are very similar to one another, and each spectrum shows two clusters of ions; e.g., m/z 2,690/2,705 and m/z 2,821/2,837. The approximately 131-mass unit difference between these ion clusters is, again, due to an Ara4N residue. De-O-acylation likely removed two esterlinked ␤-hydroxymyristic acid residues and any acyloxylacyl fatty acid residues from each intact LPS (data not shown).
The oligosaccharide from each LPS was released by mild acid hydrolysis in the presence of SDS (13) . Each oligosaccharide preparation was then analyzed by MALDI-TOF. The spectra are very similar to each other. Each spectrum shows (M-H) Ϫ ions at m/z 1,371.7, 1,342.7, and 1,168.3 (data not shown). The ion at m/z 1,353.7 is due to the loss of water from 1,371.7. Oligosaccharides from Y. pestis with these masses have been previously reported by Knirel et al. (41) . Proton NMR analysis demonstrated that the KIM5 and KIM5 ⌬pgm mutant oligosaccharides had identical spectra (data not shown). 
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Binding of LPS to polymyxin B. Based on tandem MS (MS/ MS) and NMR structural analyses, there appears to be little or no difference between the LPS from Y. pestis KIM5 and the LPS from the KIM5 ⌬pgmA mutant. To determine whether binding affinities of the two LPS molecules to polymyxin B differ, we assessed the ability of polymyxin B to neutralize LPS-mediated toxicity using the murine macrophage cell line RAW264.7. Upon interaction with LPS, macrophages release NO Ϫ as an indication of LPS stimulation. This stimulation is known to be blocked by polymyxin B (64). Purified LPS from KIM5 and the ⌬pgmA mutant was mixed with 10-fold increasing concentrations of polymyxin B and incubated for 30 min at 37°C, and NO 2 Ϫ production (a by-product of nitric oxide) was determined after 20 h of incubation with RAW264.7 cells. Our results demonstrate that neutralizing concentrations of polymyxin B for the two LPS molecules were the same. The average OD 540 for control wells (PBS and no LPS) was 0.005 Ϯ 0.002. Endotoxic activity of 200 ng/ml LPS was completely neutralized by 25.6 g/ml polymyxin B, and 50% neutralization was achieved with ϳ25.6 ng/ml polymyxin B for both LPS preparations (Fig. 6) . These results indicate that sensitivity to polymyxin B is not due to differential binding to LPS of KIM5 compared to KIM5 ⌬pgmA.
Mouse virulence experiments. To determine whether the ⌬pgmA mutant is attenuated for virulence, we tested our strains with i.v. and i.n. infection models in mice. The LD 50 was 4 bacteria for i.v. infection of both Y. pestis KIM5 and KIM5 ⌬pgmA (10 mice/dose group). All five mice infected with 10 6 organisms of a KIM5 pCD1-negative (pCD1 (Table 5 gives details). Representative structures of the three identified lipid A molecules are provided: hexa-acylated, penta-acylated, and tetra-acylated (C).
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on October 16, 2017 by guest http://iai.asm.org/ determined an autoaggregation defect and increased polymyxin B sensitivity for the KIM5 ⌬pgmA mutant when cells were grown at 28°C, we speculated that PgmA might play a role in Y. pestis survival in fleas or in flea blockage. Since Y. pestis KIM5 lacks the large pgm (pigmentation) locus, which is required for biofilm formation (16, 35, 63) , we used the Y. pestis KIM6ϩ strain for flea experiments. This strain has the large pgm locus but lacks the Yop-encoding virulence plasmid pCD1 (this plasmid is not required for flea colonization or blockage of the proventriculus). A KIM6ϩ ⌬pgmA mutant has a similar autoaggregation defect as the KIM5 ⌬pgmA mutant (data not shown). For flea blockage experiments, equal numbers of male and female fleas were infected and monitored for proventricular blockage. The blockage rate for Y. pestis KIM6ϩ was 21%, and for KIM6ϩ ⌬pgmA it was 18% (Table  6 ). These rates were within the normal expected range. Flea samples were also collected for each group at 0 and 4 weeks after an infectious blood meal to determine bacterial loads by counting CFU. Groups infected with either KIM6ϩ or the KIM6ϩ ⌬pgmA mutant showed similar average CFU counts per flea at 0 and 4 weeks ( Table 6 ). Our results indicate that pgmA is not required for flea infection or long-term colonization.
DISCUSSION
The aim of this study was to identify Y. pestis factors required for autoaggregation and assess the effect of autoaggregation on virulence. Previous studies have demonstrated that, when expressed in E. coli, the autotransporter YapC of Y. pestis causes autoaggregation (21, 73) . However, deletion of yapC in Y. pestis strain KIM5 does not lead to loss of autoaggregation, suggesting that other factor(s) play a role in autoaggregation (21) . Ail in Y. pestis strain KIM6ϩ has also been reported to facilitate autoaggregation (42) . However, we did not observe an autoaggregation defect upon deletion of ail in Y. pestis KIM5 (20) . This difference may be due to the use of different KIM strains in these studies. In this report we demonstrated that phosphoglucomutase (encoded by pgmA) is required for autoaggregation of Y. pestis KIM5 (Fig. 1) . To assess the possibility that, in addition to phosphoglucomutase (PgmA), YapC and Ail may also contribute to autoaggregation, we constructed KIM5 ⌬pgmA ⌬ail, KIM5 ⌬pgmA ⌬yapC, and KIM5 ⌬pgmA ⌬ail ⌬yapC mutants. None of these mutant strains demonstrated a further delay in autoaggregation compared to Y. pestis KIM5 ⌬pgmA. On the contrary, deletion of yapC and ail in the ⌬pgmA background led to partial restoration of autoaggregation. This may indicate that deletion of pgmA leads to a general defect in assembly of envelope components, and deletion of secreted surface proteins like YapC and Ail may partially relieve the secretion defects of the functioning autoaggregation factor (potential mechanisms for PgmA effects on protein secretion are discussed further below).
PGM facilitates the interconversion of glucose-6-phosphate to glucose-1-phosphate. Glucose-1-phosphate is a precursor of UDP-glucose and UDP-galactose (78) , which are precursors of carbohydrate-containing anionic envelope polymers such as LPS, teichoic acid, lipoteichoic acid, cyclic ␤-1,2-glucans, and exopolysaccharides (5, 45, 66, 78) . Deletion of the gene encoding PGM activity modestly increases antimicrobial peptide susceptibility of Streptococcus iniae (9) , Brucella abortus (66) , Bordetella bronchiseptica (69) , and Stenotrophomonas maltophilia (48) . In some cases, mutants lacking PGM activity are also defective for intracellular survival (9, 66, 69), serum resistance (9, 15, 39, 48) , and in vivo colonization and/or virulence (3, 9, 39, 48, 66, 69) . In the absence of PGM, UDP-glucose and UDP-galactose cannot be incorporated into LPS (78) . As a result, lack of PGM activity often results in an incomplete core and the inability to attach O antigen to the LPS core. In many cases this is believed to be the cause of serum sensitivity and antimicrobial peptide sensitivity of PGM-negative strains (15, 39, 48, 66, 69) . LPS from the KIM5 ⌬pgm strain had no alterations in LPS chemistry compared to the parental strain ( Fig. 4 and 5 ; Tables 4  and 5 ). Thus, the effects of the ⌬pgm mutation on polymyxin B resistance are not due to changes in LPS chemistry, as might have been anticipated since the fatty acid side chain of polymyxin B interacts with LPS, facilitating insertion into the outer membrane (2, 76) .
Purified LPS is known to stimulate immune cells, and this LPS-mediated activation can be neutralized by polymyxin B (24, 64) . Nitric oxide production can be used as an indicator of LPS toxicity on macrophages (40, 64) . Our nitric oxide experiments demonstrated that binding and neutralization of both purified LPS species (KIM5 and KIM5 ⌬pgmA) by polymyxin B are the same, indicating that increased polymyxin B susceptibility of the ⌬pgmA mutant is not due to differential LPS binding compared to parent strain LPS. This result is consistent with our LPS compositional analysis findings that showed that the two LPS molecules are identical and that polymyxin B sensitivity is not due to an LPS structure change. Further studies are required to explain why the Y. pestis ⌬pgmA mutant is susceptible to polymyxin B and causes delayed autoaggregation at 28°C.
It is possible that other outer membrane and/or inner membrane structures might be altered in the absence of PgmA, and this may explain the susceptibility of the ⌬pgmA mutant to polymyxin B. One such candidate is cyclic ␤-1,2-glucan, a periplasmic sugar polymer that is known to be dependent upon the UDP-glucose-forming activity of Pgm in B. abortus (8) . This periplasmic polymer has been shown to affect antibiotic sensitivity as well as proper assembly of structures at cell membranes (6, 11) and is known to play a role in B. abortus virulence (1, 7). Cyclic ␤-1,2-glucan has not been studied in Y. pestis. Given that the biologic effect of polymyxin B appears to depend on lipid exchange between that outer and inner membrane, the presence of extensive cyclic ␤-1,2-glucan in the periplasm may interfere with polymyxin B-mediated contacts between the two lipid bilayers. We note that Y. pestis contains a locus with homology to ␤-1,2-glucan synthetase.
The PhoP/PhoQ and PmrA/PmrB systems of several bacterial pathogens have been shown to play a role in LPS modifications (23, 28, 29, 33, 49, 52, 55, 70) , and mutations in these loci have been shown to result in increased susceptibility to polymyxin B (23, 49, 55) . PhoP/PhoQ-and PmrA/PmrB-dependent resistance to antimicrobial peptides has been proposed to be due to a reduction in negative charge via addition of 4-aminoarabinose to the lipid A portion of LPS, resulting in decreased binding to cationic peptides (28, 33, 68) . These modifications are predicted to reduce the affinity of cationic peptides for LPS. In addition to LPS modification, a number of other pathways are affected in a phoP mutant. In Y. pestis, microarray analysis has shown a large number of genes up-or downregulated in a phoP mutant compared to the starting strain (77) . Two genes upregulated by PhoP in Y. pestis are pgi (encoding glucose-6-phosphate isomerase) and gpm (encoding phosphoglycerate mutase 1). Both enzymes are in the glycolysis pathway and affect the cellular levels of glucose-6-phosphate, the substrate for PgmA. In a phoP mutant, higher levels of glucose-6-phosphate would be expected. While this would initially be anticipated to increase the amount of substrate for PgmA and lead to increased polymyxin B resistance, a phoP mutant displays decreased polymyxin B resistance. Thus, while much of the effect of PhoP on polymyxin B resistance is likely due to effects on LPS modifications, some of the effects of a phoP mutation on Y. pestis polymyxin B sensitivity may be due to disruption of the metabolic pathway involved in balancing glucose-6-phosphate and glucose-1-phosphate. Such effects would be consistent with the effect on polymyxin B sensitivity that we identified in the ⌬pgmA mutant. It is unclear why we did not identify other genes in this pathway in our transposon mutagenesis screen; however, it should be emphasized that our original screen was for genes affecting autoaggregation, and the pgmA mutation may have a stronger effect on this phenotype than other genes in the pathway.
Since the ⌬pgmA mutant showed increased polymyxin B susceptibility, we tested Y. pestis KIM5 and the ⌬pgmA mutant for sensitivity to five different human antimicrobial peptides. The ⌬pgmA mutant does not show increased sensitivity to any of the human antimicrobial peptides tested (Table 3) . Phagocytic cells can also be a source of antimicrobial peptides during infection. We tested the ability of the KIM5 ⌬pgm mutant to survive within cultured macrophage-like cells from mouse (RAW264.7) or human (THP-1) origin. Monitoring survival at 2-, 4-, 6-, and 24 h time points revealed no defect in intracellular survival of the KIM5 ⌬pgm strain compared to parental KIM5. E. coli was readily killed by 24 h (data not shown).
Autoaggregation is a first step in the development of microcolonies and biofilm formation for many pathogens (31) , and phosphoglucomutase plays a role in biofilm formation of Bacillus subtilis (45) . Since biofilm formation is known to play a role in flea colonization by Y. pestis, we tested Y. pestis KIM6ϩ (a strain containing the large pigmentation locus involved in biofilm formation) and a KIM6ϩ ⌬pgmA mutant strain for flea blockage. There was no difference in flea blockage, suggesting that PgmA does not play a role in Y. pestis biofilm formation and blockage in fleas (Table 6) .
Phosphoglucomutase has been reported to be an important virulence factor for many Gram-negative and Gram-positive bacteria such as S. iniae (9), B. abortus (66) , Pseudomonas aeruginosa (26) , Bordetella bronchiseptica (69) , and Stenotrophomonas maltophilia (48) . We did not detect any virulence defect for the KIM5 ⌬pgmA mutant following i.v. or i.n. infection of mice. These represent two natural infection routes of Y. pestis. It should be noted that our parental strain, KIM5, lacks the ability to acquire iron in peripheral tissues. Thus, we were unable to assess the role of PgmA in a bubonic plague mode. Furthermore, lethality following lung infection by KIM5 appears to be due to eventual septicemia and not classic plague pneumonia (Felek and Krukonis, unpublished) . Thus, in a fully virulent plague model, PgmA may also play a role in establishment of true pneumonic plague.
Antibiotic resistance is a growing problem worldwide. This increasing resistance limits the availability of effective antimi- 
